Summary -Without resistant cultivars, conducive cropping systems and heterogeneous soils, managing parasitic variability of Meloidogyne hapla is a major challenge in carrot production. In glasshouse studies we tested a hypothesis that knowledge of carrot cultivars' degrees of host suitability to populations of M. hapla could lead to developing site-specific management strategies. 'Sitespecific' encompasses production practices, soil conditions and nematode problems. Interactions between the carrot cvs Abledo, Abundance, Enterprise, Eufora, Prodigy, Recoleta and Sugar Snax, and four M. hapla populations, Mh 1, Mh 2, Mh 3 and Mh 4, were examined. The tomato cv. Rutgers, in which the populations were cultured, was used as a nematode viability control. The first three populations were isolated from mineral soils and the fourth one from organic (muck) soil, all soils typical of carrot and other vegetable production in the US Midwest. While the reactions varied by population and by cultivar, the carrot cultivars proved to be hosts as suitable as, or more suitable than, cv. Rutgers tomato. All of the carrot cultivars were hosts as suitable as cv. Rutgers tomato to Mh 2, all but cv. Sugar Snax to Mh 3 and all but cvs Sugar Snax and Abundance to Mh 1. However, the Mh 3 infection levels in cv. Sugar Snax were as high as the Mh 2 infection levels. The cvs Sugar Snax and Abundance were the least suitable hosts for Mh 4 and Mh 1, and cv. Prodigy for Mh 4. The results suggest that identifying the reproductive potential of a resident M. hapla population is critical to making decisions about what carrot cultivars to plant as well as to minimise inoculum build-up in an infested field. The implications of the results across rotation crops are discussed.
Carrot (Daucus carota L.) is one of the important temperate vegetable crops that suffer from nematode parasitism, including the northern root-knot nematodes such as Meloidogyne hapla (Slinger & Bird, 1977; Vrain, 1982; Belair, 1992; Bird et al., 2004) and M. chitwoodi (Santo et al., 1988; Wesemael & Moens, 2008) . In addition to broad host range and distribution across soil types (Anon, 2011) , the presence of parasitic (genetic) variability is a major factor in managing M. hapla in temperate climates such as the US Midwest (Melakeberhan et al., 2007) .
Although the genetic basis of carrot resistance to M. hapla is known (Wang & Goldman, 1996) , no resistant cultivars are commercially available for temperate regions. Without commercially available, nematoderesistant, carrot cultivars, with few sustainable management strategies and conducive cropping systems, and an unknown status against parasitic variability of M. hapla in * Corresponding author, e-mail: melakebe@msu.edu current crops, growers face many challenges in maintaining a profitable, rotation-based, carrot production. One of the ways to alleviate such challenges is to know the relative levels of host suitability of commercially available cultivars to the nematodes present in production systems. As used here, 'suitable host' refers to a host that allows infection and completion of a life cycle relative to a known host and assumes that nematode reproduction thereafter will continue. Knowing whether or not any given carrot cultivar is an equal, a less, or a more suitable host to a given nematode than a standard susceptible host will allow a grower in states such as Michigan to identify cultivars to avoid, and select those to use and where to use them.
In the US Midwest, however, carrots are produced in organic (muck) and mineral (sandy/loam) soils in rotation with other vegetables, such as celery and potato,
and field crops, few of which have resistance to nematodes. In Michigan, some of these production fields have populations of M. hapla with known parasitic variability (Melakeberhan et al., 2007) . However, little is known about how the presence of parasitic variability in M. hapla may affect use of carrot cultivars or rotation crops in the production systems. Therefore, knowing how the resident nematode population reacts to a range of rotation crops could lead to decision making that fits the problems of the location and potentially minimises yield loss across crops. This study was part of a project that investigated the relationships between parasitic variability of M. hapla populations collected from vegetable production soils and selected US Midwest-adapted celery , potato and carrot cultivars. The objective was to test the interactions of the selected carrot cultivars with Michigan populations of M. hapla. The working hypothesis is that the carrot cultivars have varying degrees of host suitability to M. hapla populations, and identifying the interactions could potentially lead to accurate and site-specific management decisions. 'Site-specific' encompasses production practices, soil conditions and the nematode problems.
Materials and methods

EXPERIMENTS AND EXPERIMENTAL CONDITIONS
The reaction of carrot cvs Abledo, Abundance, Enterprise, Eufora, Prodigy, Recoleta and Sugar Snax, and tomato cv. Rutgers (as the nematode viability control), to four populations of M. hapla was studied in three glasshouse experiments. The four populations of M. hapla, Mh 1, Mh 2 and Mh 3 and Mh 4 were as described in Melakeberhan et al. (2007 and in . The populations were increased from single egg mass cultures in cv. Rutgers tomato. These M. hapla populations were selected because they showed differences in reproductive potential and response to soil amendment, and the soil conditions from where they were collected represent typical intensive production systems of the US Midwest (Melakeberhan et al., 2007) .
All experiments were conducted in steam-sterilised sandy loam soil (87.6:9.5:2.9% sand:silt:clay texture and pH 7.3). Carrot seedlings were mass-germinated and were transplanted into 200 cm 3 of soil contained in 20 cm long black plastic cones 2 weeks after germination and inoculated 2 weeks later. Rutgers seedlings were 2 weeks old at the time of nematode inoculation. Plants were fertilised weekly with Scotts' Professional 20:20:20 (N:P:K) commercial mix (Scotts-Sierra Horticultural Products Company) and watered daily as needed.
In Experiment 1, seedlings were inoculated with either water (control) or 2000 eggs in four replicates, and in Experiments 2 and 3 with either water (a control) or 6000 eggs in six replicates, as described in . There were a total of 160 (8 cultivars × 5 M. hapla treatments × 4 replicates) experimental units in Experiment 1 and 240 (8 cultivars × 5 M. hapla treatments × 6 replicates) units each in Experiments 2 and 3. Egg inocula preparations, inoculations, determination of stages of embryogenesis (as differentiated or undifferentiated by randomly looking at 100 eggs, three times per population) (Zuckerman, 1985) were as described in . The stage of differentiation of the inocula cohort was similar among experiments, but differed by population of M. hapla (Table 1) . Inocula of Mh 3 and Mh 4 population were significantly more differentiated than Mh 2.
Experiments 1 and 2 were conducted under the same glasshouse temperature and diurnal conditions described in for 28 and 26 days, respectively, and Experiment 3, for 31 days. The air temperature in Experiments 1 and 2 was set at 28°C day and 25°C The populations were from nursery (x) and celery (y) farms in sandy (a), sandy loam (b) and muck (c) soils as described in Melakeberhan et al. (2007) .
3 Embryogenesis was measured as differentiated (juvenile visible) and undifferentiated from 100 eggs randomly selected three times per sample (Zuckerman, 1985) . * Different letters by factor mark the means that are statistically different from each other (P < 0.05).
Sty: nem(r109); Prn:2012/07/12 14:21 Vrain, 1982; Melakeberhan et al., 2010) . Terminating the experiments at the end of a life cycle assumes that nematode reproduction will be unimpeded thereafter, similar to other systems with known parasitic variability (Riggs & Schmitt, 1988) .
MEASUREMENTS AND DATA ANALYSIS
At the end of the experiments, roots were washed with tap water, rated for galling (Kinloch, 1990) , and whole root system stained in acid fuchsin (Hussey, 1985) . Nematode developmental stages were determined as infectiveand swollen-stage juveniles and adults (Melakeberhan & Dey, 2003; Agrios, 1997) , and presence or absence of eggs in samples was noted as 1 and 0, respectively, as described in .
Data analyses were similar as those described in . The effects of carrot cultivars and nematode populations on nematode numbers were analysed using two-way ANOVA. The normality of the residuals was tested by examining normal Q-Q plots of the residuals. Nematode population density data were square root transformed to ensure the normality of the residuals. Levene's test was used to assess the homogeneity of the residual variances. Back-transformed means of the studied variables for each carrot cultivar, M. hapla population and their interactions are presented in the results. The data analysis for continuous variables was conducted in PROC MIXED (SAS Institute, 2009 ). The probability of eggs present in stained roots was modelled using logistic regression analysis in PROC GLIMMIX (SAS Institute, 2009 ). Mean comparisons were conducted using t-tests when the respective factor, interaction or slicing effects were found to be statistically significant. In this study, a Type I error rate of 0.05 was used.
Results
Results in Experiments 2 and 3 were statistically similar and statistically different from Experiment 1. Thus, the latter was analysed separately and the former two experiments combined. Males were sporadic and excluded from analyses. In Experiment 1 there was no interaction effect of populations of M. hapla and carrot cultivars on the life stages present in roots (P = 0.5157, 0.3816, 0.6951, and 0.9062 for second-(J2), third-(J3) and fourth-stage (J4) juveniles, adults, and total stages, respectively). The Mh 3 population of M. hapla infected the most and Mh 2 the least (Fig. 1) . Generally, lower numbers of the swollen stages were recovered in roots of the cvs Sugar Snax, Enterprise and Abdelo than in Recoleta, Euforo, Prodigy and Abundance (Fig. 1) . The least and the most numbers of J2 were found in cvs Enterprise and Sugar Snax roots, respectively. The total numbers of J2, J3, J4 and adults (g fresh root)
−1 show that the cvs Sugar Snax, Enterprise and Abledo were 2-3 times, and Abundance, Prodigy, Euforo, and Recoleta, 4.5-5.7 times more suitable as hosts for the M. hapla populations than cv. Rutgers, the susceptible host in which the populations were cultured (Fig. 1) .
In Experiments 2 and 3, all life stages were found in roots, with Mh 3 infecting the most and Mh 4 the least (Fig. 2) . While varying by life stage, the trends of the numbers of nematodes in roots across cultivars were similar. More nematodes infected cvs Eufora, Prodigy and Abdelo than Sugar Snax and Enterprise. The total numbers of J2, J3 and J4 and adults (g fresh root)
−1 in cvs Sugar Snax and Enterprise were similar to the numbers in tomato. The rest of the cultivars were 1.5 times more suitable hosts than tomato (Fig. 2) .
The numbers of nematodes recovered differed significantly by population and cultivar ( (Table 2) . Across carrot cultivars, Mh 1 infected cv. Sugar Snax less than cvs Recoleta and Eufora. Although Mh 3 infected more than Mh 2, all cultivars had similar suitability to each population. Mh 4 infected all cultivars but cv. Prodigy more than cv. Sugar Snax (Table 2) .
In Experiment 1, eggs were observed in 30-90% of the root samples and in 60-86% of the nematode populations (Fig. 3) . Cultivars Abdelo and Enterprise had fewer root (Fig. 3) . In Experiments 2 and 3, eggs were observed in 30-75% of the cultivars and in 28-53% of nematode samples. All carrot cultivars had statistically fewer samples with eggs than cv. Rutgers tomato. Samples with eggs were statistically similar among the Mh 1, Mh 2 and Mh 3 populations, but significantly more than Mh 4 (Fig. 3) . Generally, galls were very small, and fewer in Experiment 1 than in Experiments 2 and 3 (Table 3) . Within the nematode populations, Mh 3 caused significantly more galling than the other populations in all experiments. Mh 1, Mh 2 and Mh 3 caused more galls than Mh 4 in Experiments 2 and 3. In Experiment 1, more galls were observed in roots of cv. Recoleta than in roots of all of the cultivars, except cvs Abdelo and Eufora. In Experiments 2 and 3, tomato and cvs Eufora, Prodigy and Abledo had more galls than cvs Sugar Snax and Abundance.
Discussion
The tested carrot cultivars were as good as or better hosts for the populations of M. hapla than tomato, the host in which the populations were cultured. On one hand, the results suggest that the presence of these M. hapla populations may be a problem for these carrots and potentially for other rotation crops that are suitable hosts for M. hapla. On the other hand, the varying degrees of suitability to the populations of M. hapla and the cultivar and nematode population interactions, suggest that the degrees of nematode problems are likely to be populationand cultivar-specific. Our approach of determining host suitability on the basis of a single generation infection is similar to established norms for testing the suitability of soybean cultivars to populations of the soybean cyst nematode (Riggs & Schmitt, 1988) . Assuming that nematode development occurs normally, the amounts of heat units accumulated under the experimental conditions in this study are enough for the completion of the first generations and initiation of the second generation (Vrain, 1982; Santo et al., 1988) . Indeed, the presence of infective J2 and eggs inside the root systems at the end of the experiments shows the initiation of a second generation and supports the notion that nematode reproduction after infection in these cultivars will be unimpeded. It is likely that the J3 and J4 stages found in the roots are from the inoculum cohort, which contained about 70% undifferentiated eggs.
Although the populations of M. hapla had differences in stages of embryogenesis, galling and infections levels, there were no consistent relationships among the parameters. For example, Mh 4 had the highest percent of differentiation, but not the highest numbers of infective J2, an indicator of a second generation. Also, one may suspect that more galling may result in fewer numbers of nematodes when expressed on fresh root weight basis. As demonstrated by Mh 3, this was not the case in this study. Therefore, differences in stage of embryogenesis and gall size appear to have had little effect on the differences between M. hapla populations in the levels of infections.
Whether or not the cultivars are susceptible (yield loss occurs) or tolerant (yield loss does not occur; Hussey & Boerma, 1992) is unknown and will require field studies beyond the scope of the current study. These will include determining damage threshold by quantifying the levels of infections and the numbers of life cycles, soil conditions and environmental factors that influence the host-parasite interactions during a growing season (Melakeberhan & Avendaño, 2008) . Our results provide useful information for designing sampling times for accurately detecting the numbers of life cycles during the growing season, critical to the determination of damage threshold levels. Carrots are grown in some of the locations from where these Michigan populations were isolated (Melakeberhan et al., 2007) ; these cultivars were as suitable as or more suitable than Rutgers tomato and will allow nematode reproduction, and growers have few environmentally acceptable M. hapla management options available. Whether the population density trends observed at the completion of the first life cycle will be maintained throughout a growing season has yet to be determined. However, the carrot cultivars' distinctive responses to populations of M. hapla over the duration of the study Table 1 . 2 Results from Experiments 2 and 3 were combined because there was no significant interaction between runs and cultivars*M. hapla populations. Gall index was based on a 0 (no galling) to 5 (more than 75% of the root system galled) scale (Kinloch, 1990) . 3 Different letters within a column mark means that are statistically different from each other (P < 0.05).
are worth noting. For example, all of the cultivars showed similar reaction to Mh 2, but the infection levels were generally more than those by Mh 4. Cultivars Recoleta, Euforo, Abdelo and Enterprise appear to be highly suitable for Mh 1, Mh 3 and Mh 4; whereas cvs Sugar Snax and Abundance appear to be least suitable for Mh 4 and Mh 1, and Prodigy for Mh 4. The results suggest that cultivar recommendations in a given location cannot be accurately made by considering the presence of an M. hapla population alone. Recommendations need to consider differences in reproductive potential among M. hapla populations, which, in turn, may be linked to the habitat to which a particular population is adapted (Melakeberhan et al., 2007) . However, identifying the type of M. hapla population and its habitat will require integrated multidisciplinary approaches. In the US Midwest, including Michigan from where these M. hapla populations were isolated, carrot is grown in rotation with celery and/or potato (Bird et al., 2004) . Our studies using the same four M. hapla populations across carrots, celery and potatoes make several points. First, the differential infections by M. hapla populations of carrots (this study), celery and potatoes suggest that the populations have different reproductive potential in the three crops. For example, the potato cultivars were 12-33%, the celery cultivars 32-67% and the carrot cultivars as suitable as or more suitable than Rutgers tomato to the populations. Second, Mh 3 was the most pathogenic of the four populations and Mh 4 the least pathogenic across all three crops; Mh 4 was the only isolate from organic (muck) soil, where no methyl bromide had been applied for about 20 years (Melakeberhan et al., 2007) . Whether or not Mh 4 will behave the same way against these carrot cultivars in muck soil, from where it was isolated, remains to be determined. Third, the variable infections and nematode-cultivar interactions point to the need to understand what role soil conditions, from where the populations were isolated, may have in the observed infection differences among the populations. For example, the Mh 1, Mh 2 and Mh 3 populations were collected from mineral soils that have been under intensive agricultural input (a range of pesticides, fertilisers, etc.) for decades (see reviews in Melakeberhan et al., 2007) . Regardless of what the agricultural inputs were targeted at, they do alter the soil ecosystem (Wickham et al., 1997) and any organism that survives there has to be able to adapt to the soil ecosystem changes (Melakeberhan et al., 2007) . What role (if any) the soil ecosystem conditions in which these populations reside may be contributing to the adaptation and the population genetics of these or other nematodes remains an open question. Overall, the study provides information required to make decisions that reflect local conditions.
